This review by a multidisciplinary team maps key components and emerging connections within the intellectual landscape of agroecology. We attempt to extend and preview agroecology as a discipline in which agriculture can be conceptualized within the context of global change and studied as a coupled system involving a wide range of social and natural processes. This intrinsic coupling, combined with powerful emerging drivers of change, presents challenges for the practice of agroecology and agriculture itself, as well as providing the framework for some of the most innovative research areas and the greatest potential for innovation for a sustainable future in agriculture. The objective of this review is to identify forward-looking scientific questions to enhance the relevance of agroecology for the key challenges of mitigating environmental impacts of agriculture while dramatically increasing global food production, improving livelihoods, and thereby reducing chronic hunger and malnutrition over the coming decades.
REFRAMING THE SYSTEMS PERSPECTIVE OF AGROECOLOGY

Approaches and Definitions of Agroecology
Gradually over the past 30 years or more, often with inspiration from the practices, ideas, and questions of visionary farmers, academics increasingly have applied ecological insights to agricultural systems in a multidisciplinary field that has come to be known as agroecology (1) (2) (3) (4) . In their recent review of the evolution of this term since its emergence in the literature in the 1930s, Wezel & Soldat (5, p. 3) observe that "at present, agroecology can be interpreted as a scientific discipline, as a movement or as a practice." Indeed, some academics in the vanguard of efforts to consolidate the science of agroecology in the 1980s and 1990s now place particular emphasis on extending those scientific foundations and agroecological practices as the basis for social movements aimed at fundamental transformation of agriculture, food systems, and society (M. Altieri, personal communication; S. Gliessman, personal communication). While accepting the legitimacy and importance of those movements for social change growing out of agroecology, this review (apart from Section 2.6 below) focuses primarily on agroecology from a scientific perspective. Our intention is to review the science of agroecology in light of emerging understanding of the challenges facing agriculture in the twentyfirst century, particularly regarding new insights from global-change science. Indeed, our specific objective is to identify critical elements of the next generation of scientific questions for the field of agroecology that will be relevant to these emerging twenty-first century challenges.
From a scientific perspective, agroecology has been defined by Gliessman (3, p. 369) as "the science of applying ecological concepts and principles to the design and management of sustainable food systems," emphasizing its roots in agronomy and ecology. Francis et al. (6, p. 100 ) provided a much broader definition of agroecology as "the integrative study of the ecology of the entire food system, encompassing ecological, economic and social dimensions." For our review, we adopted this broader definition in which society plays a fundamental role.
Thus, a key challenge within agroecology is to coherently understand manifold relationships and feedbacks across two broad cross-disciplinary boundaries that go beyond conventional perspectives on agricultural, environmental, and social sciences. One boundary to span is the connection between agricultural sciences and ecology and allied environmental sciences, which together provide the basis for understanding relationships between fieldlevel agroecological processes [e.g., pollination, biological pest control, nutrient cycling, carbon (C) sequestration] and broader environmental phenomena (e.g., habitat loss, eutrophication, climate change). Recent literature also draws attention to the equally important disciplinary boundary that has divided much of the agricultural and social sciences. Within this larger definition of agroecology, society and its various aspects play fundamental roles, shaping agriculture within a complex food system.
In their quantitative analysis of the field, Wezel & Soldat (5) found that the scope of agroecology grew enormously over the past 20 years, and, in their words, the number of publications in the field has "exploded" since 2000. In an effort to cope with this rapid expansion, Section 1 of our review surveys the boundaries and context of the complex and expanding "intellectual landscape" of the science of agroecology. To obtain a workable focus within this broad field, the coauthors used an online polling tool to prioritize topics according to three criteria: (a) reviewability: the existence of a significant body of relevant refereed publications since 2005, which we used as the focal period for our review; (b) global food security: the potential over the next four to five decades for mitigating the environmental impacts of agriculture while increasing global food production and agricultural resilience; and (c) priorities for future research. Topics with the highest scores Food system (or agri-food system): interacting determinants of food access; of quantities and qualities of food supplied; and of food production, processing, marketing and distribution
Resilience: capacity of a system to recover its original structure and functions after a disturbance (see http://www. resalliance.org/index. php/resilience) Agroecological nexus: the convergence of social and environmental forces shaping agricultural and land-use decisions Threshold: point of nonlinear change that alters system structure and functions, and can be difficult or impossible to reverse are the subjects of Section 2, which emphasizes what we call the "agroecological nexus." A topic is considered to be within the agroecological nexus if there are well-established (or highly plausible) effects on agricultural production decisions or land use. For example, we consider concentration of food marketing to be within the field of agroecology because it can affect prices significantly and, in turn, shapes agricultural practices and investment decisions. Topics scoring high on the second and third criteria, but not on the first criterion, are nevertheless important parts of our preview of the field, are discussed in Section 3, and are summarized in the Future Issues section.
At this point, we also acknowledge that we have not been able to include the large and dynamic literature on agroecology that has been published in Spanish and Portuguese. Key ideas in the science and practice of agroecology emerged (and continue to emerge) in Latin America, and this certainly is a major gap in our review. For readers seeking an entry point to this rich literature, we have provided a link to the Web site for the Latin American Society of Agroecology in the Related Resources section; important current reviews for some additional topics not covered here also are suggested in that section.
Connecting Agricultural Sciences and Environmental Sciences
As with ecology, agroecology is concerned with energy flows, species interactions, and material cycling, but it also must address changes in agricultural production practices and stresses on agricultural systems from powerful drivers outside of agriculture. In particular, the impact of human activity on processes at continental and global scales-including, in no small part, the environmental impacts of agriculture itselfrequires that agroecology address a complex, dynamic, and increasingly uncertain context of multiple, interacting drivers of land-use change (7) . Such drivers may test adaptive capacity and resilience of agricultural systems, raising possibilities of threshold dynamics that threaten Agroecosystem: terrestrial ecosystem managed by humans primarily to produce food, but which also produces other goods and environmental services Ecosystem services: goods and services people obtain from ecosystems agroecosystem functions and therefore food security. Traditionally, agricultural science has focused at the plot or field scale, whereas these societal and environmental concerns manifest at the landscape, state, national, continental, and global scales (8) . Over the past decade, global-change science and international assessment processes have accumulated a great deal of evidence demonstrating the global significance of human influences on Earth's ecosystems, including the impact of agriculture on land-cover change and the supply of ecosystem services (9) (10) (11) . In turn, large-scale environmental challenges, including potentially disruptive climate change (12) and regional water scarcity (13, 14) , have implications for agricultural production and global food security.
Agricultural production processes and related ecosystem services thus are linked to local, regional, and global environmental phenomena, which, in turn, feed directly back to agricultural production. In light of this web of cross-scale relationships involving multiple drivers of change, agroecology must consider multiple spatial and temporal scales to develop and implement sustainable solutions. These spatial scales range from molecular to global. A similarly daunting range holds for temporal scales of inquiry, with processes manifesting themselves within a few hours to days, weeks, seasons, years, decades, ultimately centuries, and arguably millennia (15) .
Within this wide menu of possibilities, there is a rapidly expanding body of ecological research at the landscape scale that is highly relevant to agroecology. Nevertheless, despite the rapid development of landscape ecology over the past 20 years, Turner (16, 
Connecting Agricultural Sciences and Social Sciences
Agriculture is fundamentally a human activity, created and adapted to meet social needs and shaped by culture and social structures (20) . How the field of agroecology conceptualizes the nexus of agricultural science and social science depends, in turn, on the interpretation of the notions "environment" and "society," often also posited as "nature" and "culture." Although early paradigms of ecology and social sciences tended to view humans as independent of the natural world, more recent approaches conceptualize humans as embedded in the environment. In this view, there is no more "wilderness" or "nature" without people, and humans and their societies are shaped by and are shapers of landscapes and ecological processes, with agriculture as a prime example of these interactions. Understood thus, agriculture is a manifestation of cultural and social factors in relation with nonhuman environmental factors, and agroecology necessarily must connect agricultural sciences with both the environmental sciences and the social sciences, including economics.
Insights from social science, especially work in the environmental social sciences (21) and social sustainability (22) , suggest that environmental problems are social both in definition and in root origin. Specific social configurations drive much environmental degradation and therefore must be modified for conservation and sustainability (23) . In addition, Guthman (24) and Getz et al. (25) emphasize the point that particular groups' interests in environmental aspects of sustainability and agroecology are not necessarily matched by interests in social justice.
As pioneered by Daily and colleagues (9) and implemented by the Millennium Ecosystem Assessment (MA) (10), the ecosystem services perspective provides one way to integrate social and environmental perspectives and consider ecosystem trade-offs from the perspective of human well-being (also see References 26 and 27) . Agroecosystems provide ecosystem services, the most obvious is provisioning of food, and benefit from services associated with other surrounding ecosystems, including water supply, pollination, and pest control. In turn, agriculture may negatively affect the services provided by those surrounding ecosystems (28) . Measuring how agriculture differentially affects different ecosystem services requires appropriate frameworks and indicators to account for costs and benefits. Inevitably, the questions then become: Who values the alternatives and how?
The related questions of social justice and power within society-that is, who makes decisions on important issues like environmental valuation and social trade-offs and by what rules, and who decides on the rules-are central to the question of sustainability and therefore must be considered in agroecology. Food and agri-input industries act within a marketplace nominally established and regulated by the state, over which they often have considerable influence. As such, despite the traditional focus of agroecology on farmers and their practices, Levins (23) stresses that understanding of these firms and other powerful private interests and their relationships to public policy is necessary when considering changes within the system. These questions of social structure and agency (29) , and the interplay of the state, private enterprise, and civil society, are central to understanding prospects for agricultural sustainability. Institutions also shape science and technology, so the research agenda of agricultural science, including agroecology, must be seen as socially constructed. Thus, fundamental values regarding human dignity, social justice, equity, economic opportunity, and environmental stewardship, as well as the principles and processes governing society's MA: Millennium Ecosystem Assessment choices, also are important subjects and practical challenges for any discipline concerned with sustainability (22, 30) .
Of course, understanding and creating the conditions necessary for an idealized state of social justice is a daunting agenda. A separate strand of literature is concerned with incremental progress toward greater social justice (31) . A pragmatic approach, of particular relevance to agroecology, has emerged that, among other considerations, focuses on establishing greater legitimacy in processes linking knowledge with action for improved ecosystem management, with governance, accountability, and participation in agenda framing as some of the key points of interest (32, 33).
Agroecosystem Dynamics and Resilience
Agriculture epitomizes the complex humanenvironment interactions that now are conceived and studied as "coupled socialecological systems" (34, 35) . The study of coupled systems and other areas of globalchange science shows how environmental and social sciences play complementary roles in understanding contemporary challenges to food system sustainability, environmental integrity, and resilience (36) . Resilience is integrated across many scales in agricultural systems and is linked to biological and social diversity at multiple scales. Integration of social science is essential to understand and enhance resilience of Earth's agroecosystems in the face of complex cross-scale interactions (37) and also to identify thresholds of concern (38) . Insights from the literature on resilience are applicable at the farm scale (39), but Brondizio et al. (37) , Elmqvist et al. (38) , and Lebel et al. (40) all stress that any effort to address resilience at scales beyond the enterprise or household level must additionally confront issues of governance.
Pressures on agriculture to increase food supply while minimizing environmental damage and social disruption are likely to continue to intensify in the coming decades, with continuing growth in human population at least www.annualreviews.org • Agroecologythrough mid-century and shifting patterns of demand-especially for livestock productsdriven by rising income in some regions. There are suggestions that the absolute numbers of hungry people are once again increasing globally, which would be a reversal of gains in recent decades (11, 41, 42) . The future also holds great uncertainties regarding climate change and energy prices, which compound familiar sources of agricultural production risk, involving yields, water supplies, synthetic fertilizer prices, pests, and diseases.
Liu et al. (34) and other theorists and empiricists suggest thresholds of critical change are likely features in the dynamics of these coupled systems. The MA (10, p. 1) did find "established but incomplete evidence" that changes in ecosystems generally are "increasing the likelihood of nonlinear changes . . . including accelerating, abrupt and potentially irreversible changes." Species invasions are one tangible example of abrupt, essentially irreversible change (43) , typically bringing adverse consequences for agriculture.
It seems clear that agroecology holds particular promise in assessing vulnerability and resilience of agricultural systems and in identifying thresholds of concern regarding food supply. However, as pointed out by the MA, although science can identify risks of nonlinear change, "it cannot predict the thresholds where the change will be encountered" (10, p. 11). Indeed, we currently lack monitoring capability for the most basic assessment of agricultural systems at policy-relevant scales (44) or for integrated observation of most forms of regional and global environmental change (45) . Rockstrom et al. (46) proposed tentative planetary thresholds for some issues directly linked to resilience of global agriculture [climate, nitrogen (N) and phosphorus (P) cycles; freshwater use; biodiversity loss]. In light of limitations in both methods and data, it is perhaps inevitable that these thresholds would be questioned, but it also is noteworthy for this review that Rockstrom et al. argue that planetary boundaries already have been crossed regarding climate change, rates of biodiversity loss, and N loading. The apparent vast inequalities in adaptive capacities (globally and within societies) mean that the impacts of crossing thresholds will not be felt equally. As a result, these changes are likely to increase inequality and, thereby, also may contribute to social instability.
THE AGROECOLOGICAL NEXUS
In this section of our review, we consider seven interrelated sets of topics that we selected because they have received considerable attention from researchers in recent years and, as a result, significant numbers of scientific publications exist. As mentioned in Section 1.1, above, we have used the notion of an agroecological nexus as a means to focus this review. Although this device does help set boundaries for our review, these limits remain very broad because we take the position that the scientific field of agroecology must consider the domain of well-established (or highly plausible) phenomena that shape agricultural production decisions or land use.
Rather than cataloging practices and systems as agroecological or not, we instead have attempted to further process-based understanding of agricultural practices informed by agroecological perspectives in Section 2.1, below. On par with practices and systems, the topic of agrobiodiversity also has been a mainstay of the agroecological literature and spans many different aspects of ecosystem functions and services. In our approach to agrobiodiversity in Section 2.2, we illustrate many of the concepts and principles associated with ecosystem services in relation to agrobiodiversity by focusing on just two of the myriad possible examples, pollination and the biological regulation of soil pests, especially nematodes. We also use those examples to explore the management opportunities and challenges involved in conserving and restoring such services. Next, we turn to three interrelated sections that involve some of the greatest agroecological contradictions in contemporary agriculture: Section 2.3 on nutrient inputs to cropping systems and Section 2.4 on livestock systems and their impacts. We attempt to bring these issues into our broader consideration of resource cycling in Section 2.5.
As we argued in Section 1.3 above, our position is that methods and issues from social science (including economics) are as important to agroecology as are the more conventional agroecological approaches that are based on agricultural, ecological, and environmental sciences. Creating a truly interdisciplinary (or transdisciplinary) field of agroecology remains a work in progress, and the recent literature still is heavily weighted toward the agricultural, ecological, and environmental perspectives. However, there is a flourishing literature on food systems, and we turn to that aspect of social science contributions to the field of agroecology in Section 2.6, emphasizing food access and local food systems. Before proceeding to Section 3 with our views on emerging issues, we conclude Section 2 with consideration of innovation networks in Section 2.7, which is another area of social science research that produces key insights on agroecosystem dynamics and practical approaches to increasing adaptive capacity and resilience in agriculture and the food system.
Agricultural Production Practices and Systems
There is a huge range of global variation in farming systems and in agricultural productivity. Although the authors of this review share an interest in tropical agriculture, our review of the recent literature perhaps inevitably is skewed toward cropping and livestock systems in the temperate regions and cannot adequately cover the particulars of agroecology in a full range of regional contexts. Although a separate review probably would be required to do complete justice to these systems, such as agroforestry, we wish to point to a small, indicative sample of recent publications relevant to tropical agroecology. For example, the volumes on "ecoagriculture" by Scherr & McNeely (47) and on "alternatives to slash and burn" by Palm et al. (48) Abstracting from this wide regional and local variation, the twentieth century nevertheless saw pronounced trends toward specialization and intensification in use of purchased seed, fertilizer, pesticides, fuel, and other commercial inputs, including many derived from petroleum or natural gas. Particularly since World War II, this intensification has significantly increased productivity and has transformed farming on a large share of the planet. From 1960 to 2000, while food production more than doubled and food supply per capita increased almost everywhere (save sub-Saharan Africa), biologically available N flows doubled in terrestrial systems, and flows of P tripled as a result of agricultural activities. Over half of all N fertilizer ever manufactured has been used since 1985 (10) . In a broad sense, the intensive use of chemical inputs and fossil energy can be viewed as substitution of petroleum and natural gas for ecological functions and labor. Specifically, purchased inputs have substituted for local recycling of resources, particularly manures in integrated crop-livestock systems, and for crop rotation sequences that promote biological N fixation or suppress pests and diseases. The low cost of N fertilizer and transportation, both dependent on fossil energy (petroleum and natural gas) prices, facilitated specialized farming, which, in turn, led to loss of landscape biodiversity as the patchwork of differently cropped land disappeared in many regions. Agrobiodiversity also has been lost through www.annualreviews.org • AgroecologyCAFO: concentrated animal feeding operation IPM: integrated pest management specialization in higher-yielding varieties (54) and the requirement by processors and retailers for standardization of cultivar characteristics. The same forces enabled the livestock component of agriculture to be divorced from crop production (55) as specialized producers favored large concentrated animal feeding operations (CAFOs). From an agroecological perspective, biodiversity loss and dependency on petroleum and natural gas, coupled with rising uncertainty about energy prices and climate change, lead to increased vulnerability and decreased resilience of the whole system (11).
Agrobiodiversity
Productivity and resilience in many ecosystems are variously correlated with spatial, temporal, and genetic diversity. The ecological services provided by greater diversity of crop species, genotypes, and habitats within the agricultural landscape may enhance soil nutrient cycling, mineral retention, and regulation of pests and pathogens, and improve pollination and water quality (56, 57) . The enhancement and conservation of biodiversity are interwoven throughout these processes and are integral components of biological control and integrated pest management (IPM) (58) . Although the abundance of individual species in a diverse community may vary in relation to the adaptation of each to prevailing conditions, year-toyear resilience of biomass and yield is enhanced by genetic diversity and species richness (59, 60) . Through its effects on reducing concentrations of food sources and habitat for pests and diseases, genetic diversity provides resilience to biotic stress, such as plant pathogens and arthropod pests (61, 62) . Rotation of crop genotypes generates biodiversity at a temporal scale, with definable impacts on soil health, nutrient status, and soil-inhabiting pests and beneficial species. Maintenance of vegetation refugia for beneficial insects and for natural enemies of more motile pest species represents spatial biodiversity in agricultural systems (56, 63) .
In addition to the variety of animals and plants that are the direct products of agriculture, agrobiodiversity includes the diversity of nonharvested species that support production (soil microorganisms, predators, pollinators) and those in the wider agricultural, pastoral, forest, and aquatic environments that support agroecosystems. However, of the approximately 7,000 species of food crops currently under cultivation (64) , only 103 plant species represent 90% of global food production (65) . Clearly, vast areas of the agricultural landscape are in spatial and temporal monoculture. Agrobiodiversity has been greatly reduced by land management practices that include hedgerow removal, clearing of natural vegetation to expand field size, land leveling, intensive tillage, pesticides, mineral fertilizers, clonal propagation, and planting of extensive monoculture. Such practices maximized productivity with scant regard for environmental consequences and, in some cases, product quality. Practices designed to minimize ecosystem disservices, including the impacts of pests and diseases, often inadvertently diminish many ecosystem services.
Shea & Chesson (66) argue that reestablishment of diversity in agroecosystems requires an understanding of niche opportunity as determined by a conducive environment and the occurrence and variability in time and space of both resources and biological regulators. This involves the core phases of invasion biology: arrival, establishment, integration, and spread, although these are usually documented in relation to harmful species that provide ecosystem disservices (67, 68) . Organisms with a broader geographic range and ecological amplitude are more likely to become established in a new environment. The elimination or reduced usage of agricultural chemicals is conducive to the successful establishment of natural enemies of pest species; a variety of plants and organisms provides refugia, sources, and nurseries for biological control agents. For example, Cook et al. (69) document how designed spatial patterns of plant species comprise elements of "push-pull" strategies whereby visual and chemical cues, and predation pressures, create an unfavorable ambience for pest species in a susceptible crop while providing the lure of an alternative favorable environment.
Shifting our attention from pest control to services provided by insects-the biodiversity of bees is an important component of both the level of crop pollination and its stability over time (70, 71) . Kremen et al. (70) demonstrate how wild bee populations contribute substantially to this ecosystem service. Winfree et al. (72) show how these wild populations often are negatively affected by loss of natural habitat and other practices associated with agricultural intensification. Bee populations persist where sufficient floral and nesting resources are available. Large crop monocultures may offer no flower rewards, as in the case of cereals, or provide only a short-duration pulse of floral reward, as with mass-flowering crops like canola, sunflower, and squash. Bees are mobile organisms that can gather resources from different habitats (73) . Although mass-flowering crops can benefit individual species (74), the diversity of natural habitat provides more consistent floral and nesting resources that are absent from intensively managed agriculture. Remnants of native vegetation, or farming practices that promote diverse flower communities through polyculture or maintenance of noncropped areas, can provide extended bloom periods that enhance pollinator abundance and diversity (75) . Such habitats also offer nesting opportunities for bees (76, 77) . Pulliam (78) provides the important caveat that small habitat elements providing modest resources potentially represent sinks that attract bees but may not support their populations in sufficient abundance to provide adequate pollination.
The scientific study of belowground agrobiodiversity has seen great advances over the past decade. As an example, we consider soil nematodes, which are aquatic organisms inhabiting the water films surrounding soil particles. They are exposed to pesticides, fertilizers, and other materials applied to the field, where the compounds dissolve and become concentrated in the soil solution. Some nematodes are less tolerant of these agrochemicals than other nematode species (79) . Functional groups of nematodes occupy several trophic levels in the soil food web. Herbivorous species are primary consumers of plant material, and bacterivores and fungivores occupy secondary positions in decomposition channels, whereas generalist and specialist predators represent the potential regulators of opportunistic species at the entry level of the food web (80) . Predatory nematodes are generally larger than their prey and are more sensitive to the stressors of conventional agriculture. They have low fecundity and relatively slow development, so their recovery from perturbation is extremely slow (81, 82) . Furthermore, predatory nematodes are bioindicators of other organisms with similar ecosystem functions, including mites and collembola, and with similar sensitivities to environmental perturbation (83) . Consequently, the highly fecund taxa at lower levels in the food web increase with little biological regulation (84) . Root-feeding species often achieve pest-level abundance, which, in conventional management systems, is often resolved by intervention with soil fumigants and other pesticides. That, in turn, increases negative pressure on the invasion or reestablishment potential of regulatory species.
Reestablishment of the soil food web to promote its ecosystem services belowground poses challenges and opportunities in the redesign of both production systems and inputs. Early work by Jensen & Mulvey (85) showed how predator nematodes absent from agricultural fields may be common in surrounding uncultivated areas. If the factors that have negative impacts on higher trophic levels of nematodes in agricultural fields are removed, how much time is required for functional reestablishment of predators? Migration among metapopulation patches of prey species in the three-dimensional matrix of the soil is a slow process. Although some species of predatory nematodes can be multiplied on bacteria (86) , most would be difficult to rear in large numbers for field release, and few survive mechanical incorporation into soil. One possibility warranting further exploration is the plugging www.annualreviews.org • Agroecologyof cores of soil from undisturbed locations into the agricultural field under remediation.
Collocation of predators and prey in the soil matrix is a key consideration for restoration of belowground communities. Bacterial-and fungal-feeding nematodes aggregate around organic residues near the soil surface. Predators exploiting them as a resource may not come into contact with species that feed on plant roots. Tillage to incorporate organic matter into soil may be detrimental to the predators and alter root distribution. Possibilities for enhancing collocation of predators and prey include mulching organic residues on the soil surface rather than incorporating them, irrigation practices that promote root concentrations in relation to water sources, and using heirloom cultivars with root architectures adapted to exploiting resources at the soil surface. Where some tillage or soil disturbance is necessary to place seed at an appropriate depth or to remove weeds from the plant row, minimizing the size of the tilled strip should maximize survival of sensitive species in the proximate nontilled zone. The challenge is to engineer the system so that it is conducive to functional establishment of higher trophic levels and facilitates collocation of predators and prey.
Clearly there are scale components to these two highlighted examples, bees and nematodes. The diverse organisms that provide ecological services in agriculture are regulated by factors operating at different spatial and temporal scales. At the landscape level, hedgerows may provide refugia for beneficial insects, while, within the field, cover crops in orchards may provide a wealth of ecological services. At the interplant level, combinations of genotypes may slow progression and severity of plant disease epidemics (87) . At the plant level, rhizosphere bacteria and mycorrhizal fungi can be applied uniformly to seedling roots at transplanting (88, 89) . Temporally, crop rotation sequences can be designed to build soil fertility, break disease cycles, amplify natural enemies, and accelerate the decline of pest species. Although native bee pollinators are highly mobile and integrate elements of the landscape at scales of hundreds to thousands of meters, beneficial soil micro-and macrofauna are relatively immobile, and their unaided spread may be measurable only in decades (82) . Some strategies for future sustainability may, by serendipity, benefit different types of organisms and the services they provide; however, there will more often be a need for integrated strategies that explicitly balance needs of different species and services. Governmental assistance may be necessary to offset costs on an individual basis for benefits at a landscape level (90) . The enduring challenge is the search for practices that simultaneously provide greatest breadth of ecosystem services.
Agricultural Nutrient Inputs, Outputs, and Pollution
Nitrogen is the limiting element for plant growth in many agroecosystems. The HaberBosch ammonia synthesis process, one of the hallmark scientific achievements of the twentieth century, enabled mitigation of this N limitation. The process uses fossil fuels under high temperatures and pressures to reduce N 2 from the atmosphere to ammonia, a reactive form of N that can be utilized in various forms of fertilizer. Although N fertilizers enabled crop production levels high enough to feed the world's population, their usage resulted in unintended releases of reactive N to the broader environment through agricultural runoff, trace gas emissions, and additional human sewage production (91, 92) . Bouwman et al. (93) argue that soil N imbalances, leaching, and denitrification are unlikely to decrease by 2050 even in the most optimistic projections for agricultural practices; worst-case scenarios for the current century picture what Erisman et al. (94) call a "nitrogen-saturated planet."
Phosphorus pollution is a major problem in the developed world, but soil P availability limits crop growth in the tropics. There is increasing concern about the limitation of P availability. Gilbert (95) predicts that current reserves can sustain food production for another 50 to 100 years, depending on the environmental and economic constraints of extracting those reserves. Consequently, phosphate prices may rise, but that will create incentives for discovery of new reserves and for innovation in recovery of phosphates from waste. The recycling of N and P (at the farm and regional scale), improving efficiencies of N and P applications, and relying on natural sources are important elements of an agroecological agenda that we revisit below.
The issues discussed above point to the need for quantifying the extent to which agricultural management practices affect production and environmental outcomes. Farmers are the key decision makers with respect to land-use and management options. The constraints they face, in terms of output and input prices, as well as resource availability and policy, shape production and environmental outcomes. It is necessary to design policies that mitigate the adverse impacts of agriculture on the environment while sustaining livelihoods and ensuring food security. The complexity of these issues has stimulated efforts in bioeconomic modeling. A worldwide model of agricultural markets to analyze the greenhouse gas (GHG) consequences of U.S. ethanol policy predicts that encouragement of corn-based ethanol production will nearly double GHG emissions over 30 years as farmers expand production in response to higher crop prices (96) . Various studies have coupled biophysical and economic models to derive opportunity cost curves for GHG reductions in agriculture through changes in land-use and management practices (97-99).
Livestock Production Systems and Their Impacts on the Environment and Health
We now turn from cropping to the livestock subsector, before a broader consideration of nutrient flows and other cycles in Section 2.5. Bringing livestock into consideration is crucial. For example, about half of the grains produced in the United States, and the N used in their production, is fed to animals for meat and dairy production. Animals only utilize about 30% of the N ingested; the rest is deposited as feces GHG: greenhouse gas and urine in manure. Typically about 50% of manure N is lost during collection, handling, and land application, particularly through ammonia volatilization. N from both manure and synthetic sources leaches into groundwater or is lost in surface runoff. Return of manure to crop fields is easier in diversified agriculture than in spatially decoupled systems of animal agriculture and feed grain production.
Similarly, environmental and economic benefits can result from optimizing livestock P utilization (100). In swine production, P is often fed in excess of animal requirements to compensate for the relatively unavailable phytate P in grains; the excess is excreted and contributes to environmental pollution. Analysis by Kebreab et al. (101) suggests a combination of low-phytate crops and inclusion of phytase would be effective in reducing or eliminating supplementation of inorganic P in animal diets. Overall, the agroecological implications of resource conservation and reduction of soil and water P pollution could be substantial.
Livestock production also contributes to anthropogenic GHG emissions (102) , although the magnitudes are contested (103, 104) . Comparative data are sparse, but to cite one available example, Pelletier et al. (105) conducted a comparative life cycle assessment study in the U.S. Upper Midwest and found pasturefinished beef to have higher GHG emissions, eutrophying emissions, and cumulative energy use than feedlot-finished beef. Peters et al. (106) found similar results applying life cycle assessment in Australia: the GHG emissions of grainand grass-finished beef estimated in that study were, respectively, 5.9 and 7.2 kg CO 2 equivalent/kg animal weight. Yet they also presented data that red meat production in Africa in a pastoral system produces 5.0 kg CO 2 equivalent/kg animal weight, whereas the value is four times greater in the intensive systems of Japan (106) .
The main source of GHG emissions from livestock is enteric fermentation from ruminants, and these emissions are affected by diet quality; grain is more easily digested than forage. Although it is not clear whether reduced enteric methane emissions from a grain diet www.annualreviews.org • Agroecologytypically offsets GHG generated in production of the grain, Beauchemin et al. (107) review several promising strategies to reduce enteric methane production in ruminants through nutritional management. Godfray et al. (41) also suggest it may be possible to design systems that reliably reduce net GHG emissions. Herrero et al. (108) emphasize that extensive mixed crop-livestock systems, particularly in developing countries, could significantly contribute to future food security. Overall, Steinfeld & Wassenaar (102) argue it seems inevitable that more intensive crop-based livestock systems will expand globally in the twenty-first century, while Gill et al. (109) conclude that available data are insufficient for quantifying the consequences of GHG emissions and the contribution of livestock products to global food security as production systems change. In short, there is little or no scientific consensus on the sustainability of trajectories of various livestock production systems.
In closing this section, it is important to note that microbial resistance developed from use of antibiotics in intensive livestock production systems is a growing concern globally because it undermines effectiveness of drugs that are essential to human health (110) . The European Union banned nontherapeutic use of antibiotics in animals in 1999 owing to evidence of growing resistance. In veal, beef, and dairy herds, 72%, 22%, and 18% of animals, respectively, are reported resistant to at least one antibiotic (111) . Duff & Galyean (112) suggest that nutritional manipulation and use of directly fed microbial agents could be effective alternatives in preventing bovine respiratory disease in cattle. Antibiotic use in humans and agriculture also affects the ecology of soil and water bacterial communities. Novel methods for minimizing proliferation of resistant bacteria while meeting therapeutic and economic needs require collaboration among medical, veterinary, and horticultural users (113) . Yet beyond these adjustments to existing systems, much additional research is needed to understand the scope for alternatives to CAFOs, such as grass-fed cattle and other systems, to meet growing global meat demand (and at what price for livestock products). Moreover, scientific collaboration is unlikely to be sufficient: Barza et al. (114) argue that there is a critical need for policy development regarding use of antibiotics; this is true for many other issues related to livestock production.
Cycling of Resources: Nutrients, Energy, Water
The intensive management in agricultural production systems dramatically affects the flow of energy, water, and nutrients within an ecosystem (115) . Although the application of nutrients, particularly N from fertilizer and manure, and water via irrigation have fueled huge increases in food and fiber production, the export of resources through harvest disrupts natural flows (2, 116) . Management changes both the relative and absolute magnitude of these flows. The quantity of N flowing through agroecosystems is significantly larger than in natural ecosystems, and the relative magnitude of fluxes of gaseous emissions, leaching, and harvest also are increased.
The physical and chemical disturbances associated with land management, such as frequent tillage and pesticide applications, alter soil structure and belowground communities (92) . The net effect of management is that biogeochemical processes responsible for ecosystem function are disrupted, replaced, or superseded by agricultural practices and inputs in agroecosystems (see Section 2.2).
Although solar energy is still the source of energy for C fixation by plants, much of the human and animal labor in agriculture has been replaced by machines requiring fossil fuels (117) . Huge tracts of land have become arable because of the expansion of irrigation in arid regions; fossil fuels are used to pump water from deep underground or across vast distances. The N fixed by symbiotic biological processes has been surpassed by synthetic fixation from the HaberBosch process (94) . Complex rotations, cover cropping, and nutrient recycling have largely been replaced by synthetic fertilizer (60) .
Many of the tools and practices developed over millennia have been replaced over the past century by methods dependent on inexpensive fossil fuels. This section focuses on N as an example, but similar principles apply to energy, water, and other nutrients, as well as to their interactions.
Typically, 50%, but sometimes even more, of applied synthetic N is lost to the environment as gaseous emissions to the atmosphere, leaching to groundwater, and runoff to surface waters (91, 92, 117) . For example, Galloway & Cowling (118) estimate that 47% of all synthetic N fertilizer is lost at application in the field, and a further 6% is lost prior to use. Overall, their estimates (based on a representative omnivorous diet) suggest only 4% of total N fertilizer is directly consumed by humans (this rises to 14% for a vegetarian diet). It should be noted that these calculations do not account for N recovered through use of manure or crop residue in subsequent agricultural production. However, such practices have diminished greatly through specialization; in particular, animal manure has shifted from being a source of soil fertility to being primarily a waste disposal problem (92) .
Global inequities in the availability and affordability of nutrients led to pollution in some regions of the world and a paucity of nutrients in other regions (94, 116) . The losses associated with the inefficiencies in the system affect both environmental and human health in myriad ways, including coastal eutrophication, drinking water contamination, smog formation, and climate change (90, 119) . Although improvements are possible in nutrient management, there may be biophysical thresholds that once crossed lead to unacceptable environmental change (46) . We believe the key to addressing these challenges is to develop a comprehensive, ecologically based understanding of nutrient management.
New initiatives in managing resource cycling apply principles of ecology to identify and develop practices that are efficient yet minimize environmental degradation (20, 120) . Ecological management can be viewed in larger context as providing but also utilizing ecosystem services. A systems orientation, built on a mechanistic understanding of process, is a shift from traditional approaches that maximize crop production through conventional fertilizers and crop variety improvement. The agroecological systems approach facilitates nutrient management at multiple temporal and spatial scales, including off-farm impacts. Traditionally, the focus of agricultural research and management has been at the field scale and usually entails short-term (one-to-three-year) studies. Such a lens is unlikely and unable to support a food system capable of providing the full range of ecosystem services increasingly demanded by society (121) . Having too narrow a focus ignores the benefits provided by adjacent ecosystems and promotes decisions that, despite having localized benefits at the plot scale, may have adverse impacts at the other scales (28, 56) . Advances in agroecological research, and in agricultural research more generally, depend on the integration of ideas from soil pores to plants, to people, to landscapes, and to bioregions, and at longer temporal scales (121, 122) .
Strategies to improve utilization and reduce losses of existing nutrients can be based on the positive and negative interactions and feedbacks among taxa of organisms and between biological and abiotic processes (123) . One approach to managing the key biogeochemical and hydrologic processes that occur at the molecular to soil-pore scale is to shape the biodiversity of the aboveground and belowground communities. A simple example is the use of practices that enhance beneficial mycorrhizal fungi while lessening reliance on phosphate fertilizers (89, 124) . Other promising directions include harnessing soil biological processes to compensate for external nutrient inputs, repair soil structure, suppress plant diseases, and increase uptake of essential micronutrients for humans (57, 88, 125) . Increasing crop complexity within a field or over time can facilitate ecological interactions within agroecoystems and between agricultural and unmanaged ecosystems (126) . More complex crop rotations that include crops (such www.annualreviews.org • Agroecologyas safflower) that scavenge for available N can reduce environmental N losses (127) , although there may be trade-offs in farm profitability. The decreased profit associated with growing less profitable crops in rotation sequences could be compensated through incentives based on improvements in other metrics of ecological and social sustainability (61, 128) .
An agroecological approach considers farms and fields within a broader landscape context to manage resource flows. Fields are often adjacent to rivers and other riparian areas, roads, and, increasingly, human settlements. The unintentional losses of N to surrounding landscapes can lead to localized eutrophication of water bodies, contamination of drinking water wells, and odor issues (129) . However, analysis by Gascuel-Odoux et al. (130) shows how agricultural landscapes can be modified to protect water quality by using farm ponds, ditches, engineered catchments, wetlands, and adjacent unmanaged areas to catch, and even treat, irrigation water and runoff. Agroecological management of resource cycling also requires a perspective that extends beyond fields and their immediate surroundings. Improved management of tile drainage discharge could prevent not only the localized impacts of N on stream ecosystems, but also would dramatically improve the health of the Mississippi River and Gulf of Mexico (131) .
The fate of fertilizers applied to farm fields extends far beyond the local agroecosystem because harvested products are transported to feed humans and livestock often at great distances from the site of nutrient application (132). Naylor et al. (55) suggest one promising approach to offsetting spatial nutrient imbalances is to "close the loop" by reintegrating animal and crop production systems as well as recycling the nutrients in human waste. Animal manure has been used as a source of plant nutrients for centuries, but as animal production systems have become more concentrated, manure becomes more a waste problem than a viable nutrient resource (102) . Use of wastewater, a source of both nutrients and water, and composted sewage sludge as biosolids could provide nutrients for crops while minimizing nonrenewable fertilizer costs and reducing waste disposal costs and environmental impacts. However, there are agronomic and environmental challenges to recycling nutrients in waste. The low but variable N content and imbalanced N:P ratios of biosolids and manure create challenges in fertility management. These waste products are bulky and expensive to transport (133, 134) . Furthermore, contaminants (e.g., personal care products, pharmaceuticals, heavy metals, nanoparticles) often become concentrated in biosolids and wastewater (135) , suggesting that much broader ecological thinking about the entire materials economy is needed to allow for closing the loop.
Agroecological management of energy, water, and nutrients relies on a wide menu of practices developed through a holistic view of resource cycles (115) . These practices also can enhance biodiversity and connect farms with the broader landscape at multiple spatial and temporal scales (121) . Understanding the dynamics and drivers of the biological and physical processes that govern the availability of nutrients provides the foundation needed to reduce external inputs and improve efficiency. Eliminating external inputs while maintaining crop yield is unrealistic (117) , so careful assessment of inputs and management to both add (manure, wastes, legume cover crops) and retain (cover crops, C sequestration, water management) nutrients is necessary to ensure adequate nutrient availability. In an agroecological approach, improvement in resource management seeks to balance these environmental, social, and economic costs and benefits.
Food Access and Local Food Systems
In addition to well-established interest in longterm productivity and the reduction of negative environmental impacts, issues of equity and social justice are increasingly topics of social science research on food systems that are relevant to agroecology (136) . One of these topics of interest is food security, a concept first defined at a UN conference during food crises of the early 1970s and later adopted by various governments to apply at the individual level. The U.S. Department of Agriculture defines food security as a condition in which all people at all times have enough access to food for a healthy, active life. At a minimum, food security concerns the ready availability of nutritionally adequate and safe foods as well as the assured ability to acquire acceptable foods in socially acceptable ways, for example, without resorting to emergency food supplies, scavenging, stealing, and other coping strategies (137) . Current developments related to food security in the industrialized world, exemplified by the United States, include (a) the growing urban agriculture movement (138) , including largely unregistered increases in household food production; (b) high levels of farmworker food insecurity (139, 140) , despite their having the skills and knowledge to grow their own food; and (c) the recent "Great Recession" resulting in the highest levels of food insecurity (14.7% of U.S. households) since measurement began in 1995 (141) .
The extent to which studies of food security and agroecology merge currently is a function of the structure of the food system. The more extenuated the food system (i.e., the more distinct stages, such as processing, distribution, retail, and others) through which food passes, the less attention it has received by agroecologists. In industrialized nations, food security is commonly perceived as disconnected from field-level and landscape-level ecological concerns. By contrast, agroecologists directly address food security issues in peasant communities, where farming households continue to grow much of their own food while being integrated into international markets (142).
There also is interest in identifying the effects of agrarian structure on the environmental and social impacts of agriculture. More specifically, there is a need to clarify some of the material differences between small-to mid-scale farming operations supplying local markets and those supplied by national or international food networks. One example is the energy intensity and GHG emissions embodAgrarian structure: the distribution of farms by size ied in food. Research has focused on whether locally grown foods result in less GHG emissions and energy consumption than nationally or internationally grown alternatives (143) (144) (145) . In their review in this volume, Pelletier et al. (146) find that the distances food is transported (often called "food miles") often are relatively much less important than commonly assumed. Yet another example is the food safety attributes of fresh produce: Are there differences in food safety between small, local produce growers and large, capital-intensive operations? In identifying these differences, attendant questions are whether existing local food networks are sufficiently provisioning locally grown foods through existing market channels, such as farmers' markets, communitysupported agriculture, and local procurement policies. Also, is there a case for encouraging the development of these local networks through public funding for farmers' markets, research focusing on small-and mid-scale operations, and attention to the size of operation in the procurement priorities for public institutions?
Food sovereignty, as distinct from food security, has been defined as "the right of nations and peoples to control their own food systems, including their own markets, production modes, food cultures and environments" (147, p. 2). The concept has been defined and advanced most by La Vía Campesina, a transnational peasant social movement, as a way to bring issues of power into the discussion around food policy (148) . The concept is a rallying cry for many subsistence-level producers, who have been historically marginalized by the world economy and national policies. Patel (149, p. 122) argues that food sovereignty reflects a desire to regain local control over issues increasingly dictated by global markets; "they want to exercise these rights over the stuff that they need to survive: land, water, seed and culture." Agroecological practices are a pillar of La Vía Campesina's "sustainable peasant agriculture." In this vein, Perfecto et al. (150) emphasize that a conservation-oriented ecological agriculture is a key political goal for those promoting food sovereignty. Children of www.annualreviews.org • Agroecologyindigenous families learn agroecology, together with social organizing skills, at Instituto Universitario Latinoamericano de Agroecología "Paulo Freire" in Barinas, Venezuela (148) . Documenting the ripple effects of this type of education is important, as other studies of agroecological farmer-to-farmer learning have shown how these efforts facilitated transformation of agricultural practices, both in developing countries (151) and in the United States (152).
Innovation Networks
Innovation is a central theme in agroecology, and innovative agricultural practices have economic, social, and ecological consequences. Rogers's (153, p. 11) classic "diffusion of innovation" theory defines innovations as an "idea, practice, or object that is perceived as new by an individual or other unit of adoption." Diffusion theory has been applied to thousands of cases (154, 155) , most notably in the context of the "green revolution," wherein new agricultural practices like fertilizer and pesticides were linked to large-scale increases in agricultural productivity across the world. The general perspective that information regarding costs and benefits of innovations flows through social networks has been shown to apply specifically to agroecological innovation by Warner (152) and others.
The role of social networks continues to be a cutting-edge research topic in diffusion theory; we describe here advancements on several fronts. First, much research in agricultural economics is devoted to uncovering the causal pathways through which social networks influence individual behavior. Manski (156) indicates that the "reflection problem" makes it empirically difficult to determine social influence because social networks consist of likeminded people with similar behavior. Several recent studies have tried to overcome problems of endogeneity and self-selection through research design or statistical methods to isolate the exogenous effects. For example, Conley & Udry (157) measured social network connectivity by asking Ghanaian farmers to identify communication patterns with a set of other farmers randomly selected from a community (also see Reference 158) .
A second research front is to determine how different structural characteristics of networks influence behavior. Simple diffusion models are based in a linear imitation model whereby each interaction with another innovation adopter increases the probability of adoption by the focal actor. But Henrich (159) has applied theories of cultural evolution to identify other social learning strategies, such as conformity and prestigebased imitation, which can affect the shape and speed of innovation. This extends earlier work by Burt (160) on innovation behavior that considered differences between networks with many nonredundant ties versus overlapping relationships. The influence of different structural characteristics of networks may depend on adoption characteristics of the individual or the mix of private and social benefits of the innovation. This may be particularly important regarding the diffusion of innovations that provide ecosystem services, which typically involve such a mix of private and social benefits. For some time, there also has been increasing recognition of the knowledge intensity of alternative agricultural practices, which has produced insights regarding knowledge systems in agroecology, particularly the importance of involving stakeholders in research programs (152, 161) and of evolving institutional contexts that shape these knowledge systems (162) .
Institutions affect the formation of diffusion networks and hence how individuals make decisions about adoption. Pretty (163) reports that thousands of such local partnerships have evolved all over the world in the past two or three decades. The ability of institutions to shape social networks and to influence cooperation and diffusion is particularly important where international agencies are implementing projects to help rural communities improve economic, environmental, and social welfare.
The last topic we consider regarding innovation networks is development of statistical models of diffusion and other social networks. There is an ongoing interdisciplinary convergence of network science (164) , bringing together social sciences, computer science, physics, and mathematics. A core theme is the development of mathematical models of networks that posit different probability distributions for network formation. For example, the preferential attachment model suggests that the probability of forming a new connection is positively related to existing connections. Mathematical models of innovation diffusion processes have been developed, some closely akin to models of disease spread through social networks (165) . The parameters of these models are statistically estimated with empirical data, for example, exponential random graph models (166) . Network formation processes have consequences in determining how individuals are embedded in different types of network structures and also on individual behavior. Network science also has important agroecological applications regarding the resilience of cropping systems and biodiversity reserve networks, as well as vulnerability and adaptive capacity in the face of rapid social or environmental change.
DISCUSSION AND PREVIEW OF SOME EMERGING ISSUES
A central point of this review is that prospects for global change in the twenty-first century have profound implications for agroecology as a means for technological and institutional innovation, adaptive management, and social learning. We now turn our attention to some topics that we believe are particularly important for mitigating environmental impacts of agriculture while increasing global food production and resilience of agriculture and food systems over the coming decades, but these do not appear to have received sufficient attention in the literature on agroecology.
Within the global-change literature, climate change continues to receive considerable attention, along with its implications for the vulnerability of agriculture (12, 167) , including phenological shifts and disruption of the hydrological cycle (reduced snowpack, greater frequency and severity of droughts and floods).
Regional water imbalances, agrobiodiversity loss, and spread of invasive pests and diseases also are driven by forces quite separate from climate change, as are other social and environmental stressors, such as income growth and changes in food consumption patterns; human population growth, migration, and urbanization; petroleum price shocks; and loading from various pollutants (including N and P). These multifarious drivers of change, which operate at diverse spatial and temporal scales, are likely to increase agricultural production risks and uncertainty over the next four to five decades. At the same time, significant increases in agricultural productivity are required to meet the rising demand for food, feed, and other products (41, 42) . Measures are needed for "sustainable intensification" of agriculture to raise productivity and simultaneously enhance the resilience of agriculture (41) and land use more generally. This, in turn, requires consideration of both the large perturbations that may cause ecosystem collapse and slower, less-obvious erosion of resilience-such as degradation of pollination services (168)-occurring through cumulative effects of multiple stressors.
Agroecology, Global Change, and Human Values
This review seeks to reframe agroecology within the context of likely global changes and the many drivers affecting agriculture and food systems. We believe that agroecology can help to illuminate the questions raised by emerging global changes and inform efforts necessary to increase productivity and resilience. Some of these contributions likely can be developed through extension of existing agroecological insights. For example, adaptation of IPM practices for agroecological resistance and management of invasive pests and diseases seems to be an urgent priority. Other emerging issues may present deeper challenges to agroecology. Perhaps most fundamental among these is how agroecology can engage different values and ethical systems. In many ways, agroecology has been at the forefront of value-based analysis of agricultural systems www.annualreviews.org • AgroecologyGMO: genetically modified organism since the 1980s. However, it also must be recognized that academics (including agroecologists) typically find themselves in institutional contexts in which the importance of the values underlying human action is downplayed or avoided. Like any discipline concerned with human-environment interactions, agroecology must grapple with multiple epistemologies (11, 33) because emerging challenges are not merely about applying the "right" value system but instead require the ability to bridge different values and interests in seeking workable solutions involving complex trade-offs (32) . Moreover, these challenges exist within social structures that disenfranchise some of the most vulnerable groups. For example, the "local food systems" question of what level of self-reliance in food production and distribution optimizes human well-being at what scale (local, regional, national) and over what time period (seasonal, annual, multiple years) depends crucially on how people value the various attributes of food, including their differing views on social and environmental impacts of agricultural production. Similarly, a systematic approach to value systems seems necessary in addressing mounting concerns for animal welfare and the set of interrelated issues surrounding the contributions of intensive livestock production systems to acceleration of antibiotic resistance and GHG emissions. Different values also seem to be at the heart of deep and long-standing disagreements regarding agricultural biotechnology, and this clash of values has obscured other important issues and opportunities. To respond more effectively to these challenges, Lacy et al. (169) argue that social and economic impacts (both positive and negative) should be considered in approval and regulation of agricultural biotechnology. However, these authors also recognize that this "fourth criterion" (in addition to human safety, plant and animal safety, and efficacy) is likely to vary among countries.
Agrobiodiversity, Biotechnology, and Genomics
Modern genetics and biotechnology provide new approaches to understanding and managing a wide range of agroecosystem functions. The complete spectrum of genotype-environment-society relationships illustrates the need to span disciplinary interfaces and is therefore an important consideration for agroecology. To date, however, these relationships have received little integrated attention. Instead, discourse has been dominated by polarizing debates regarding benefits and risks of genetic modification of a few major commercialized species, important controversies regarding intellectual property rights in those genetically modified organisms (GMOs), and rhetoric regarding food security.
Because of this polarization, available studies tend either to emphasize the benefits of agricultural biotechnology (or the opportunity costs of rejecting it), on the one hand, or to focus on the risks, on the other. As a result, integrated appraisals of benefits, costs, risks, and uncertainties of agricultural biotechnology (including but not limited to GMOs) necessary for consideration of its likely effects on agricultural productivity and for addressing plausible concerns regarding the environment, biodiversity (including agrobiodiversity), human health, and food safety are largely lacking. These contending paradigms that divide strategies based on agricultural biotechnology and agroecological approaches have only begun to receive the scientific and ethical attention we believe they deserve (41, 42, 170) . For example, regarding GMOs (but this could be extended to agricultural biotechnology in general), Pretty et al. (42, p. 226) 
ask:
What practical measures are needed to lower ideological barriers between organic and GM, and thus fully exploit the combined potential of both GM crops and organic modes of production in order to achieve agroecological management practices compatible with sustainable intensification of food production?
Moreover, we believe this debate-and the science of agroecology-would benefit from a clearer distinction between the application of modern molecular techniques for descriptive and analytical purposes versus the use of GMOs, with the latter being the main source of controversy. The distinction is important because the potential benefits, risks, and uncertainties differ dramatically. Current DNA sequencing technologies are revolutionizing biology and the ability to characterize and manage crops and their commensals. Knowing the genome sequences of tomato or wheat or of their microbial associates above-and belowground will provide multiple avenues for improved understanding of agroecosystem functions, all without the risks and uncertainties that accompany release of GMOs.
Belowground Agrobiodiversity Management
It is now feasible to genetically sequence very large numbers of microorganisms, including those that cannot be cultured. Such metagenomic studies will provide breakthroughs in understanding of the functional roles of key microorganisms within agroecosystems. This has not been feasible through classical taxonomic methods because of the overwhelming diversity of microorganisms involved, particularly belowground (but also in and on leaves and other surfaces). Agroecological research needs to anticipate and benefit from this imminent, unprecedented wave of information.
Application of modern tools of genomics over the past decade already has revolutionized description and understanding of belowground biodiversity, including the functional roles of assemblages of microorganisms important to agriculture. This has opened the possibility that we eventually may be able to manage belowground biodiversity as part of agroecological practice (125, 171) . If that becomes feasible, what might the applications of that knowledge bring? Because soil microorganisms play central roles in many agroecosystem functions, the range of applications is extremely wide. These include soil fertility management; enhanced soil C sequestration, which also reduces GHG emissions (172) ; biological control of soil pests and diseases; and acceleration of landscape restoration (173) .
Metagenomics: the genomic analysis of all microorganisms present in a specific habitat
Agricultural Inputs, Farming Practices, and Transitions between Systems
The National Research Council (174) contrasts a "transformative approach" to agricultural sustainability that applies a broader systems perspective akin to this review with an "incremental approach" that involves relatively small changes in practices within dominant production systems (for example, the gradual substitution of IPM and cover crops for inputs derived from petroleum and natural gas). In a broader context, the scientific debate about whether organic agriculture can meet growing global food needs remains unresolved. Differences in assessments of feasibility of meeting crop N requirements through biological N fixation, cover crops, crop rotations, composting, and manure are the crux of this disagreement (175) (176) (177) . In our view, much more needs to be known about the dynamics and nutrient-use efficiency of various types of fertilizers used individually and also for combinations of organic and synthetic fertilizers; nowhere is this more important than for farming systems in sub-Saharan Africa (178, 179) .
Even the more modest incremental approach still involves issues worthy of agroecological research, particularly if there are important interactions and thresholds in the transformation of agricultural production systems. Specifically, important interactions across practices and ecosystem services may make it hard to transition incrementally from one system to another and instead require a transformative "jump" involving coordinated changes in a number of practices simultaneously. If this is the case, it would be difficult for farmers to discover a feasible transition path through trial and error. The incremental approach will be even more difficult if those interactions among production practices and ecosystem services are at the landscape or watershed scale, spanning many individual producers. There are a number of production interactions between use of agrochemicals and agroecological practices that could create www.annualreviews.org • Agroecologyhurdles to an incremental approach, particularly if different farmers are changing practices at different rates or following different trajectories. Market interactions also can contribute barriers to transitions in production systems. For example, the scope for free-range cattle and other (extensive and intensive) systems contributing to meet growing demands for livestock products is limited by low-price (but not necessarily low total cost) competition from CAFOs.
It is worth emphasizing that simple comparisons involving a single attribute (e.g., production costs) easily can produce misleading results by failing to account for trade-offs with other attributes. Valid comparisons of alternative systems typically require careful analysis across a range of possible trade-offs and complementarities. In this context, it also is worth noting a still small, but nevertheless provocative, literature on the differential effects of crop production practices (e.g., organic versus conventional methods) on food quality, nutritional values, and (potentially) human health outcomes (180) , which may be linked to N management as well as other agronomic practices.
Resilience and Integration of Production Systems
The challenges of the twenty-first century are complicated by the fact that what is needed is not a single path but many paths of sustainable intensification (and in some cases deintensification), which are based on a wide range of systems that are appropriate to a very large number of specific agroecological and socioeconomic contexts (42) . In response to these challenges, integration (or more accurately reintegration) of production systems offers both significant challenges and opportunities for agroecology. Integrated cropping and mixed-systems options at the field and farm scale are staples of the agroecological literature: fallow rotations, cover crops, permaculture, agroforestry, crop-livestock systems, and even crop-livestock-aquaculture systems. Many of these agroecological approaches hold particular promise as elements of integrated nutrient management strategies (181) .
To the extent these systems can reestablish field-and landscape-scale connectivity and diversity, they also may contribute significantly to preserving and restoring wildlife habitat and ecosystem services in agriculture-dominated landscapes. Yet, there also are challenges in efforts to integrate activities at wider scales. Questions have been raised in California about possible trade-offs between habitat preservation and food safety (182) . And there are deepseated concerns regarding recycling of urban, rural, and agricultural waste to provide water, nutrients, and energy for agriculture, although it seems likely that these options require serious scientific attention if scarcities of these crucial inputs mount in the decades ahead. Conversely, although the damaging effects of N fertilizer on coastal fisheries (hypoxia, anoxia, dead zones) are all too familiar, others have raised possibilities of beneficial integration of terrestrial and aquatic production by managing waste from agriculture as inputs to aquaculture systems (41) . Because of the complex, interacting, and unprecedented pressures on agriculture and food systems anticipated in the coming decades, we believe the discipline of agroecology has many opportunities to contribute to the search for sustainable solutions by embracing a range of new topics and scales of inquiry, by incorporating insights from global-change science, by interacting and partnering with many different disciplines, and by broadening social engagement to tackle these emerging challenges.
SUMMARY POINTS
1. Agriculture can be conceptualized within the context of global change and studied as a coupled system that involves a wide range of social and natural processes.
2. Agricultural production-and hence the field of agroecology-is inextricably linked to the technological, political, economic, social, and cultural aspects of the broader food system.
3. The value of agrobiodiversity to agricultural production levels and to resilience of production systems is well established. Although effective conservation of agrobiodiversity at landscape, regional, and global scales remains a major challenge, agroecology has discovered many practices for the management of agrobiodiversity at the field and farm levels.
4. Substitution of inputs derived from fossil energy (petroleum and natural gas) for some ecosystem services was a key feature of twentieth-century agricultural development, epitomized by contemporary dependency on synthetic N fertilizer in intensive agricultural systems. Unless alternative nutrient management practices can be expanded dramatically, continuation of business as usual will result in unprecedented N loading, with adverse environmental consequences.
5. Livestock production increasingly has been decoupled from cropping systems, creating barriers to effective waste management and nutrient cycling. There is little scientific consensus on sustainability of various livestock production systems.
6. Whether or not organic agriculture by itself can meet global food needs remains unresolved; differing assessments of feasibility of meeting N requirements for crop production through biological N fixation, cover crops, crop rotations, composting, and manure application are the crux of this debate.
7. Analysis of innovation networks provides key insights on agroecosystem dynamics and on practical approaches to increasing adaptive capacity and resilience in agriculture and the food system.
8. Agroecology has a central role to play in expanding knowledge and awareness of these (and other) aspects of our food and agricultural systems. Because of the complex, interacting, and unprecedented pressures on food and agriculture likely in the coming decades, the discipline of agroecology needs to embrace new topics, scales, and concepts, particularly drawing on global-change science.
FUTURE ISSUES
1. How can agroecology as a science approach different values and ethical systems, for example, growing public concerns in many countries regarding animal welfare and various aspects of intensive livestock production systems?
2. How can agroecological perspectives contribute to an assessment of the balance of risks and benefits of various applications of agricultural biotechnology for food supply, the environment, human health, and food safety? 4. How much can integrated cropping systems, such as permaculture and agroforestry, and mixed systems, particularly crop-livestock systems, be developed to substitute for synthetic N fertilizer, expand global food production (including livestock products), and enhance livelihoods of the poor in developing countries while minimizing environmental degradation and biodiversity loss?
5. What are the most significant relationships between crop production practices, food quality, and human health?
6. How can IPM principles and practices contribute to management of invasive species? And, conversely, how will IPM need to adapt to various aspects of global change? 7. Will it be possible to manage belowground biodiversity as part of an agroecological approach to agriculture? If so, what methods will prove practical?
8. What measures will be most effective in detecting thresholds of concern and in increasing the resilience of agriculture and the food system in the face of multiple drivers of change?
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